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Abstract

The majority of human maigant gloacells express FasI
APO-1 and are susceptible to Fas/APO-1 antibody-mediated
apoptosis in vitro. The sensitivity of Fas/APO-1-positive gli-
oma cell lines to Fas/APO-1 antibody-mediated killing corre-
lates inversely with the constitutive expression of the antia-
poptotic protooncogene bcl-2. Here we report that BCL-2
protein expression of human giltumors in vivo correlates
with malignant transformation in that BCL-2 immunoreac-
tive glioma cells were more abundant in WHO grade M/l1Y
gliomas than in grade I/il gliomas. Fas/APO-1 antibody-
sensitive human glioma cell lines stably transfected with a
murine bcl-2 cDNA acquired resistance to Fas/APO-1 anti-
body-mediated apoptosis. Forced expression of bcl-2 also at-
tenuated TNFa-mediated cytotoxicity of glioma, cell lines in
the presence of actinomycin D and cycloheximide and con-
ferred partial protection from irradiation and the cancer che-
motherapy drugs, cisplatin and BCNU. Preexposure of the
glioma cell lines to the cytokines, LENy and TNFa, which
sensitize for Fas/APO-1-dependent kiln, partially over-
came bcl-2-mediated rescue from apoptosis, suggesting that
multimodality immunotherapy involving cytokines and Fas/
APO-1 targeting might eventually provide a promising ap-
proach to the treatment of human mlignant gliomas.
(J. Clii. Invest. 1995. 95:2633-2643.) Key words: glioblas-
toma * brain tumor . programmed cell death * CD95 * immu-
notherapy

Introduction

Fas/APO- 1 is a member of the TNF receptor/nerve growth factor
receptor superfamily which signals apoptosis in susceptible target
cells when bound by Fas/APO-1 ligand or agonistic antibodies

Address correspondence to Adriano Fontana, M.D., Section of Clinical
Immunology, Department of internal Medicine, University Hospital Zui-
rich, Hdldeliweg 4, CH-8044 Zuirich, Switzerland. Phone: 1 257 3813;
FAX: 1 257 2872. M. Weller's present address is Department of Neurol-
ogy, University of Tubingen, School of Medicine, Hoppe-Seyler-Strasse
3, 72076 Tulbingen, Germany.

Received for publication 5 December 1994 and in revised form 17
February 1995.

1. Abbreviations used in this paper: ab, antibodies; ActD, actinomycin
D; BCNU, 1,3-bis(2-chloroethyl)-lI-nitrosourea; CHX, cycloheximide.

(ab)' (1-5). We have previously shown that human malignant
glioma cells express Fas/APO-1 in vitro and in vivo and are
susceptible to Fas/APO-l ab-mediated apoptosis in vitro (6).
Independently, the screening of various tumor cell lines for Fas/
APO-1 expression and susceptibility to Fas/APO-1 ab-mediated
apoptosis showed that all three glioma cell lines included ex-
pressed Fas/APO-1 and were killed by Fas/APO-1 ab (7, 8).
Human malignant gliomas are largely resistent to current strate-
gies of surgery, chemotherapy, radiotherapy and immunotherapy.
Activation of the Fas/APO-1 pathway may be a novel promising
approach to the management of malignant glioma (6). The antia-
poptotic protooncogene, bc-2, was first identified in follicular
lymphomas which express high levels of BCL-2 protein as a
consequence of a translocation of the bcl-2 gene from chromo-
some 18q21 to 14q32 (9). The translocation results in increased
transcription and translation of the bcl-2 gene because of the
proximity to strong enhancer elements in the adjacent immuno-
globulin heavy chain gene locus. Forced expression of bcl-2
inhibits apoptosis triggered by various death stimuli including
growth factor deprivation (1I0), irradiation (11-15), and cancer
chemotherapy drugs (16-21). By virtue of these properties, en-
hanced bcl-2 expression in the absence of chromosomal translo-
cations may play a role in the malignant progression of prostate
cancer (22) and neuroblastoma (23). In contrast to astrocytes of
the adult brain in vivo (24, 25), bcl-2 is expressed in some
human malignant glioma cell lines (6, 26). Further, we have
observed a negative correlation between the sensitivity to Fas/
APO-lI -dependent apoptosis of Fas/APO-lI -positive human gli-
oma cells and their endogenous bcl-2 expression (6). Here we
report that human malignant gliomnas express BCL-2 protein in
vivo and that stable transfection of the murine bcl-2 gene into
human malignant glioma cells confers resistance not only to
Fas/APO-1 ab-mediated glioma cell apoptosis but also to the
cytotoxic effects of TNFa, irradiation and cancer chemotherapy
drugs. The antiapoptotic effects of bcl-2 can be partially over-
come by preexposure of the gliomna cells to LFN-y and TNFa.

Methods

Materials. The human malignant glioma cell lines LN-18 and LN-229
were kindly provided by Dr. N. de Tribolet (Lausanne, Switzerland).
TING human gliomna cells and MCF-7 mammary carcinoma cells were
obtained from ATCC (Rockville, MD). MO7e human myeloid leukemia
cells were kindly provided by Dr. B. Fagg (Sandoz, Basel, Switzerland).
L-M murine fibroblasts were obtained from Genentech (San Francisco,
CA). The reagents for in situ DNA end labeling, immunochernistry and
Western blot analysis have previously been detailed (6, 27). G418
was purchased from Gibco BRL (Basel, Switzerland). Cisplatin was
obtained from Sigma Chemical Co. (St. Louis, MO), 3-bis(2-chloro-
ethyl)-l-nitrosourea (BCNU) from Bristol (Syracuse, NY). Cytotoxic
IgM Fas ab and FITC-labeled IgG Fas ab were purchased from Kamiya
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Figure 1. Human gliomas express BCL-2 protein in vivo. Sections obtained from brain tumors of different WHO malignancy grades were stained
for BCL-2 protein as described in Methods. The brown colour of the peroxidase substrate, diaminobenzidene, corresponds to the specific staining
for BCL-2. The slides were counterstained with haematoxylin (x 190). (a) pilocytic astrocytoma (WHO grade I, case no. 89-9387); (b) fibrillary
astrocytoma (WHO grade II, case no. 94-363); (c) anaplastic oligoastrocytoma (WHO grade IH, case no. 94-791); (d) anaplastic astrocytoma
with prominent gemistocytic component (WHO grade HI, case no. 93-1301 ); (e andf ) glioblastomas (e) primary small cell glioblastoma, case no.
93-196; (f ) secondary glioblastoma, case no. 94-461). Several positive tumor cells are marked with red arrows. Perivascular tumor-infiltrating
lymphocytes (yellow arrows) express BCL-2 and serve as an internal control. Endothelial cells within the tumor tissue are negative.

(Thousand Oaks, CA). Anti-human BCL-2 ab was obtained from Da-
kopatts (Glostrup, Denmark).

Cell culture and detection of apoptosis. The glioma cell lines were
maintained in DME containing 10% FCS, 1 mM glutamine and 10 ig/
ml gentamycin (6). M07e cells were cultured in RPMI 1640 containing
5% FCS, 1 mM glutamine, 100 U/ml penicillin, 100 ,ig/ml streptomy-
cin, 100 ,M 2-ME, and 10 ng/ml human recombinant IL-3 (28). L-M
murine fibroblasts were cultured as previously described (29). Irradia-
tion was performed using a 'cobalt source. Viability and proliferation

were assessed by crystal violet staining and by [3H] thymidine incorpo-
ration. The methods for the detection of apoptosis including DNA agar-
ose gel electrophoresis, quantitative fluorometric DNA fragmentation
assay and in situ DNA end labeling have previously been reported
(6, 27).

Flow cytometry. For flow cytometric cell cycle analysis, M07e cells
were fixed for 10 min on ice in 70% ethanol in PBS, stained with
propidium iodide (50 Itg/ml) in PBS containing 100 pg/ml RNase A
(30 min, 37°C), and washed twice in PBS containing 1% formaldehyde.
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Table I. Human Gliomas Express BCL-2 Protein In Vivo

WHO
No. Diagnosis grade BCL-2

89-9387 Pilocytic astrocytoma I (+)
89-9518 Pilocytic astrocytoma I
89-24198 Pilocytic astrocytoma I (+)
89-36082 Pilocytic astrocytoma I +
93-270 Fibrillary astrocytoma II ++
93-367 Fibrillary astrocytoma II +
93-420 Fibrillary astrocytoma II (+)
94-363 Fibrillary astrocytoma II +
93-1292 Nongemistocytic anaplastic astrocytoma Ill +++
93-1301 Gemistocytic anaplastic astrocytoma HI ++++
93-1335 Nongemistocytic anaplastic astrocytoma HI +
94-791 Anaplastic oligoastrocytoma III ++
93-196 Glioblastoma IV +++
94-44 Glioblastoma IV + + + +
94-517 Glioblastoma IV +++
89-34523 Glioblastoma IV + +
91-1032 Glioblastoma IV ++
94-461 Glioblastoma IV (+)

Immunocytochemistry was performed as described in Methods and rated
as - (glioma cells negative), (+) (single positive cells, focal pattern),
+ (single positive cells, diffuse pattern), + + (clusters of positive cells,
<20% of the glioma cells positive), + + + (20-50% of the glioma cells
positive), and ++++ (>50% of the glioma cells positive).

To assess Fas/APO-l expression, the glioma cell cultures were covered
with trypsin/EDTA for 10 s, incubated for 3 min at 370C, detached
mechanically, and washed in cold medium. The cells were resuspended
in ice-cold PBS containing 1% BSA, 10 pg/ml mouse IgG and 0.01%
sodium azide, incubated for 20 min on ice, centrifuged and labeled with
FITC-labeled CD8 ab as a control or with FITC-labeled Fas ab (clone
UB2). Endogenous BCL-2 protein levels were assessed by Western
blot (6) or by flow cytometry (30). Briefly, 106 glioma cells were fixed
with 4% formaldehyde in PBS for 10 min on ice, permeabilized by the
addition of 0.01 V 5% Triton X-100 for 5 min, centrifuged, washed
twice with PBS containing 10% human AB serum and 2% sheep serum,
labeled with 10 jig/ml monoclonal anti-human BCL-2 ab (Dakopatts,
Glostrup, Denmark), washed twice with PBS, and stained using sheep
anti-mouse IgG-FITC (Sigma Chemical Co.).

Transfections. Human glioma cell lines LN-18, T98G and LN-229 as
well as M07e and L-M cells were stably transfected with the BMGNeo
expression vector (31) carrying the murine bcl-2 gene (32) using a
Biorad Gene Pulser (0.25 V, 960 1F). Transfected cells were cultured
in DME/10% FCS containing G418 (500 jg/ml) for 4-8 wk before
the selection and expansion of single clones. Stable expression of the
transfected murine bcl-2 gene was confirmed by RNase protection assay
(27) and by Western blot. Murine BCL-2 protein was detected using a
rabbit ab raised against a synthetic peptide corresponding to amino
acids 68-86 of the murine BCL-2 protein (33). Immunostaining was
performed with peroxidase-coupled anti-rabbit IgG and enhanced
chemiluminescence or with biotinylated anti-rabbit IgG and streptavi-
din-alkaline phosphatase (Boehringer Mannheim, Rotkreuz, Switzer-
land).

Detection of BCL-2 protein expression in malignant gliomas in
vivo. Immunohistochemical detection ofBCL-2 was performed using the
microwave oven heating method. Deparaffinized sections were placed in
10 mM citrate buffer (pH 6.0) and incubated in a 750 W microwave
oven for 3 cycles of 5 min each. The slides were allowed to cool for
20 min, rinsed twice in distilled water, and equilibrated in PBS for S
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Figure 2. Detection of BCL-2 protein in human malignant gliomas.
Soluble protein was harvested from the glioma cells and processed for
human BCL-2 Western blot as previously described (6): lane 1, MCF-
7 mammary carcinoma cells as a positive control; lanes 2-6, human
malignant gliomas analysed after enzymatic and mechanical dissocia-
tion; lanes 7 and 8, human malignant gliomas after 24 h passage in
vitro.

min. Sections were then stained with monoclonal ab to human BCL-2
(1:50) and a biotin/avidin-peroxidase-based detection system.

To confirm BCL-2 expression in human malignant gliomas ex vivo
by Western blot (6), surgically obtained tumor pieces were dissociated
mechanically, digested for 1 h in collagenase/dispase (1 mg/ml), fil-
tered through a nylon sieve (70 gm), and centrifuged. Erythrocytes
were lysed by hypotonic shock treatment and the remaining cells washed
in HBSS. Soluble protein was harvested as previously described (6),
either immediately after this procedure, or, to eliminate a possible con-
tamination with B or T cells, after a 24-h passage in vitro and removal
of nonadherent cells.

Results

Human malignant glioma cells express BCL-2 protein in vivo.
Our previous work had suggested a role for bcl-2 in the resis-
tance of Fas/APO-1-positive human glioma cell lines to Fas/
APO-1 ab (6). Therefore we examined the expression of BCL-
2 protein in human malignant gliomas in vivo by immunocyto-
chemistry (Fig. 1, Table I) and Western blot (Fig. 2). BCL-2
protein was detected in almost all astrocytic brain tumors and
was more abundant in anaplastic astrocytomas (WHO grade
Ill) and glioblastomas (WHO grade IV) than in grade I or II
astrocytomas (Table I). BCL-2 expression was mainly localized
to the nuclear envelope and cytoplasm of glioma cells but also
detected in tumor-infiltrating lymphocytes. Proliferating endo-
thelial cells associated with high grade gliomas were negative
(Fig. 1). Of 7 grade IV malignant gliomas examined by Western
blot (Fig. 2), 3 showed a strong immunoreactive band of 26
kD (lanes 4, 5, and 8), 3 showed a faint signal (lanes 3, 6, and
7) and 1 was negative (lane 2). BCL-2 protein was detected
in freshly isolated glioma cells (lanes 4-6) and in dissociated
glioma cells incubated for 24 h and depleted of nonadherent
cells (lanes 7 and 8). Thus, BCL-2 protein expression of malig-
nant glioma cells is not restricted to long-term cultured glioma
cell lines but is also detectable in malignant glioma cells in
vivo and appears to increase with malignant progression.

Generation ofmurine bc1-2 transfectant clones derivedfrom
human malignant glioma cell lines. We selected a transfection
approach using the murine bcl-2 gene for human cell lines to
assess expression of endogenous human bc1-2 versus trans-
fected murine bcl-2. Several independent murine bcl-2 clones
derived from the glioma cell lines, LN-18, T98G, and LN-
229, were characterized and compared with pooled neo vector
control cells. Antiapoptotic effects of murine bc1-2 in human
cells have not previously been examined. Since prevention of
apoptosis of growth factor-dependent cells after IL-3 depriva-
tion is a classical paradigm of bcl-2-mediated rescue from
apoptosis (10), we chose as a positive control for the antiapop-
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Figure 3. Expression of transfected and endogenous bcl-2 in M07e
myeloid leukemia cells and LN-18 and T98G malignant glioma cells.
(A) Murine bcl-2 mRNA and protein levels in M07e (lanes I and 2),
LN-18 (lanes 3 and 4), and T98G (lanes S and 6) cells transfected
with the empty BMGNeo vector (lanes 1, 3, 5) or the murine bcl-2
expression vector (lanes 2, 4, and 6), as assessed by RNase protection
assay and Western blot. Equal RNA loading was ascertained by probing
for the constitutive transcription factor Spl. B. Endogenous human
BCL-2 protein levels detected by Western blot (for legend, see A).

totic effects of murine bcl-2 in human cells the human IL-3-
dependent M07e myeloid leukemia cell line which undergoes
apoptosis after withdrawal of IL-3. The expression levels of
transfected murine bcl-2 and endogenous human bcl-2 in
transfected bcl-2 clones were assessed by RNase protection
assay and Western blot. Murine bcl-2 mRNA and BCL-2 pro-
tein were detected in the transfected bcl-2 clones but not in neo
vector control cells (Fig. 3 A). Transfection of murine bc1-2
into M07e or glioma cells did not repress endogenous BCL-2
protein (Fig. 3 B), consistant with preserved endogenous bel-
2 mRNA expression in IL-3-dependent murine cells transfected
with a retrovirus encoding bcl-2 (10). Flow cytometry showed
that forced expression of murine bc1-2 in the human malignant
glioma cell lines LN-18, T98G and LN-229 did not alter their
cell surface Fas/APO-1 expression (data not shown).

Bcl-2 inhibits IL-3 deprivation-induced apoptosis ofhuman
M07e myeloid leukemia cells. We first established that a murine
bcl-2 gene transfer confers protection from apoptosis in human
IL-3-dependent M07e cells deprived of IL-3, confirming simi-
lar effects of murine bcl-2 in murine cells (10). Two M07e
bcl-2 clones, bcl-2-A and bcl-2-C, which expressed high levels
of murine BCL-2 protein by Western blot, and M07 vector
control cells (neo) showed identical growth patterns in the pres-
ence of IL-3 and arrested in GO/GI when deprived of IL-3 for
24 h. M07e clones expressing murine bc1-2 showed significantly
longer survival after IL-3 deprivation than neo or parent M07e
cells (Fig. 4). The extended survival of parent or neo M07e
cells corresponded to a strong expression of endogenous BCL-
2 protein (Fig. 3 B). As recently observed in murine IL-3-
dependent BAF3 cells (34), prolonged IL-3 withdrawal of bcl-
2-A and bcl-2-C clones induced reversible refractoriness to
restimulation with IL-3, that is, IL-3 reexposure intervals in
excess of 36 h were required to demonstrate significant [3H]-

100

Time [d]

Figure 4. Bcl-2 inhibits apoptosis of IL-3-deprived M07e human leuke-
mia cells. Parent M07e cells (o), M07e neo cells (-) or M07e bcl-2
cells (dotted lines); clone A, (A), and clone C (A) were washed twice
in HBSS and resuspended in complete medium lacking IL-3 (2 x 105
cells/ml). Medium was replaced twice a week. Total viable cell yields
were determined by trypan blue exclusion at defined time points after
IL-3 withdrawal. Data are expressed as mean and SEM of percent viable
cells.

thymidine incorporation of M07e cells surviving 1L-3 depriva-
tion for 7 d. M07e cells transfected with murine bcI-2 were not
protected from cytotoxic effects of TNFa or Fas/APO-l ab in
the presence of cycloheximide (CHX) (data not shown).

Bcl-2 abrogates Fas/APO-1 ab-induced apoptosis ofhuman
malignant glioma cells. In contrast to M07e myeloid leukemia
cells, bcl-2 clones derived from all three glioma cell lines ac-
quired resistance to Fas/APO-l-dependent apoptosis (Fig. 5). A
comparison of different individual clones derived from each sin-
gle cell line showed that the degree of protection from Fas/APO-
1 ab-induced apoptosis depended on the degree of bcl-2 transgene
expression (data not shown). Single clones with a high expres-
sion level of the transgene were selected for further study (LN-
18-A4, T98G-A2, LN-229-B2). Protection from Fas/APO-l-
dependent apoptosis was evident in the presence and absence of
actinomycin D (ActD) and CHX. While the antiapoptotic effects
of murine bcl-2 were most prominent in cell cultures exposed
to Fas/APO-1 ab alone or to Fas/APO-l ab plus ActD, some
heterogeneity was noted in glioma cell cultures cotreated with
Fas/APO-1 ab and CHX. The CHX-induced augmentation of
Fas/APO-1 -dependent apoptosis was significantly attenuated in
LN-18 cells transfected with murine bcl-2 but only moderately
in LN-229 cells and insignificantly in T98G cells (Fig. 5, left).
Irrespective of whether the cells carried the murine bcl-2
transgene or the empty vector (neo), both ActD and CHX en-
hanced Fas/APO-l ab-mediated apoptosis of the glioma cells
compared with Fas/APO-l ab treatment alone. ActD and CHX
alone were antiproliferative by [3H]thymidine incorporation but
not cytotoxic by trypan blue exclusion within the time frame of

A

--- M07e parent
* M07e neo

--A-- M07e bcl-2 A
--A-- M07e bcl-2 C
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Figure 5. Bc1-2 inhibits apoptosis induced by Fas/APO-l ab or TNFa. LN-18, T98G, or LN-229 clones stably expressing murine bcl-2 (dotted
lines, open symbols) or neo vector control cells (straight lines, filled symbols) were exposed to Fas/APO-1 ab (left) or to TNFa (right) in the
absence (circles) or presence of ActD (0.5 jig/ml; squares) or CHX (10 jug/ml; triangles) for 16 h. Survival was assessed by crystal violet staining.
Data are expressed as mean percent of survival relative to survival of untreated cells or cells exposed to ActD or CHX alone (n = 3). SEM were
below 5%.

the experiments (data not shown). Consistent with this observa-
tion, glioma cells expressing murine bcl-2 had no growth or
survival advantage over neo cells when exposed to ActD or CHX
for less than 16 h. The cytotoxicity data obtained by crystal
violet staining were confirmed by phase contrast microscopy.
Compared with neo cells, the bcl-2 clones revealed less dissolu-
tion of the monolayer and fewer morphological alterations sug-
gestive of apoptosis, including membrane blebbing and nuclear
fragmentation (data not shown).

To determine the effects of ActD and CHX on the expression
of the murine bcl-2 transgene, RNase protection and Western
blot assays were performed on transfected cells that had been
treated with inhibitors of RNA and protein synthesis for 16 h
(Fig. 6), corresponding to the time frame of the cytotoxicity
experiments (Fig. 5). Although murine bcl-2 mRNA levels de-

cined within a few hours after ActD exposure, neither ActD nor
CHX induced a prominent loss of transfected murine BCL-2
protein within 16 h (Fig. 6). Thus, the augmentation of Fas/
APO-1 ab-mediated killing in the presence of ActD or CHX
does probably not result from impaired transcription or translation
of the bcl-2 transgene. These results are consistent with the re-
ported long half-life of the BCL-2 protein of 10-12 h (35).

Glioma cells expressing murine bcl-2 were also more resis-
tant to the cytotoxicity of TNFa in the presence of ActD and
CHX (Fig. 5). However, protection from TNF toxicity was
moderate compared with protection from Fas/APO-I ab-in-
duced killing. Previous reports on the role of bcl-2 in attenuating
TNF toxicity are controversial (36-38), suggesting that other
cell type-specific factors modulate the efficacy of bcl-2 in this
regard. To assess whether the bcl-2-mediated mitigation of

Bcl-2 Inhibits Fas/APO-J -dependent Apoptosis in Malignant Glioma 2637



A

LN-18 *A*

T98G _s

0 4 8 16

ActD [h]

B ~~~29-~~~~18-
1 2 3 4 S 6

LN-18 T98G

Figure 6. Effects of ActD and CHX on transfected murine bcl-2 tran-

scription and translation in LN-18 and T98G human malignant glioma
cells. A. LN-18 and T98G bcl-2 clones were exposed to ActD (0.5 /ig/
ml) for 4, 8, or 16 h. Murine bcl-2 mRNA expression was assessed by
RNase protection assay (27). B. LN-18 or T98G bcl-2 clones were

treated with ActD (0.5 sg/ml) or CHX (10 ,tg/ml) for 16 h. Murine
BCL-2 protein was analysed by Western blot as described in Methods
(lanes 1, 4, control; lanes 2, 5, ActD; lanes 3, 6, CHX)

TNFa toxicity was a characteristic feature of glioma cells or

related more to the use of a strong expression vector, we gener-

ated stable bcl-2 transfectants of the murine L-M fibroblast cell
line, a classical bioassay cell line to measure TNF toxicity (29).
Two L-M bcl-2 clones with a high expression level of BCL-2
protein by Western blot were partially protected from TNFa
toxicity in the presence of ActD, confirming that bc1-2 inhibits
not only Fas/APO-1-dependent apoptosis but also TNFa-in-
duced cytotoxicity. This contrasts with the M07e bcl-2 clones
A and C which expressed sufficient BCL-2 to survive IL-3
deprivation for 3-4 wk (Fig. 4) but were still as susceptible to
TNFa toxicity in the presence of CHX as parent M07e cells or

neo vector control cells. These results indicate that a bcl-2 gene

transfer does not protect all cell types from TN'Fa-mediated
cytotoxicity and may be more effective against Fas/APO-1 ab-
induced apoptosis than against TNFa.

Bcl-2 abrogates Fas/APO-J ab-induced DNA fragmenta-
tion of human malignant glioma cells. In glioma cells induced
to undergo Fas/APO-1-dependent apoptosis, DNA breaks are

readily detected by in situ DNA end labeling. However, maxi-
mal DNA fragmentation does not exceed 20% of the total geno-
mic DNA, and nucleosomal size DNA laddering assessed by
DNA agarose gel electrophoresis is not a prominent feature of
Fas/APO-1 ab-induced glioma cell apoptosis (6). To study the
effects of forced bcl-2 expression on Fas/APO-1 ab-mediated
DNA fragmentation, glioma cells were exposed to Fas/APO-1
ab alone, to TNFa alone, or preexposed to TNFa and subse-
quently treated with Fas/APO-1 ab. Although human glioma
cells are resistant to TNFa cytotoxicity in the absence of ActD
or CHX, preexposure to TNFa for 24 h results in a striking

0.

x x

Figure 7. Bcl-2 inhibits Fas/APO-l ab-mediated DNA fragmentation
in human malignant glioma cells. Neo control glioma cells (left) or

murine bcl-2-transfected clones (bcl-2) (right) were untreated, ex-

posed to Fas/APO-l ab (1 HIgr/ml) for 24 h, to TNFa (10 ng/ml) for
24 h, or consecutively to TNFa and Fas/APO-l ab. Fragmented and
intact DNA from 106 glioma cells were measured fluorometrically (6,
27). Data are expressed as mean and SEM of percent DNA fragmenta-
tion (n = 3, *jP < 0.03 by t test for bcl-2 cells compared with neo

cells).

augmentation of Fas/APO-1 ab-mediated apoptosis (6). Quan-
titative DNA fluorometry showed that the bcl-2-mediated inhi-
bition of Fas/APO-1 ab-induced cytotoxicity was associated
with a significant reduction in DNA fragmentation (Fig. 7). In
line with the cytotoxicity data shown in Fig. 5, the inhibi-
tion ofDNA fragmentation was most prominent in bcl-2-trans-
fected LN-18 cells and exceeded 50%. We observed that DNA
fragmentation induced by Fas/APO-1 ab was only partially
inhibited by the bc1-2 gene transfer even in experiments which
showed complete abrogation of Fas/APO-1 ab-induced cell kill-
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ing (data not shown). The partial inhibition of Fas/APO-I ab-
induced DNA fragmentation in bcl-2 clones versus neo cells is
consistent with the notion that bcl-2 prevents apoptosis but not
initial DNA changes in murine B cells exposed to etoposide
(20). Fas/APO-1 ab-induced DNA fragmentation was exam-
ined by DNA agarose gel electrophoresis in parallel with the
experiments conducted to quantify bcl-2-mediated prevention
of DNA fragmentation by DNA fluorometry (Fig. 7). These
experiments showed that neither LN-18 nor T98G neo control
cells contained significant amounts of fragmented low-molecu-
lar weight DNA when DNA was extracted from 107 glioma
cells exposed sequentially to TNFa and Fas/APO-l ab (data not
shown). However, as previously described (6), DNA laddering
became apparent in LN-229 exposed to TNFa and Fas/APO-
1 ab, consistent with the quantitative DNA fragmentation data
(Fig. 7) which yielded the highest percentage ofDNA fragmen-
tation under these conditions (17%).

The cytotoxicity data presented in Fig. 5 were obtained by
crystal violet staining, the conventional assay for TNFa- or
Fas/APO-l ab-mediated killing of adherent cells. This assay
considers as dead all floating cells which have detached from
the cell culture monolayer. When we assessed DNA fragmenta-
tion after Fas/APO-l ab exposure separately in detached and
adherent cells (6), we noted that DNA fragmentation was sig-
nificantly attenuated in detached bcl-2 cells compared with de-
tached neo cells. Although all detached glioma cells had DNA
breaks detected by in situ DNA end labeling, the majority ex-
cluded trypan blue at 16 h after Fas/APO-1 ab exposure (data
not shown). We then examined whether murine bcl-2 expressed
in detached glioma cells delayed completion of cell death and
whether endogenous bcl-2 expression of neo control cells pre-
dicted their ability to recover from Fas/APO-1 ab-induced DNA
breaks and detachment from the monolayer. Floating cells were
collected from the supernatants of glioma cell cultures that had
been exposed to Fas/APO-1 ab, washed to remove residual
Fas/APO-1 ab, and resuspended in fresh medium. Crystal violet
staining performed 14 d later showed that detachment did not
inevitably predict definite cell death because there was signifi-
cant clonogenicity after Fas/APO-l ab-induced detachment in
bcl-2 compared with neo transfectants (Fig. 8). Further, the
survival of neo control cells of the three glioma cell lines corre-
lated with their previously reported endogenous BCL-2 protein
levels which are highest in LN-229, moderately high in T98G,
and low in LN-18, as assessed by Western blot (6). No colony
formation was observed when supernatants containing detached
glioma cells were replated without prior centrifugation to re-
move residual Fas/APO-l ab (data not shown).

Bcl-2 enhances glioma cell survival after irradiation or
exposure to chemotherapy drugs. Bcl-2 has received major at-
tention as a mediator of resistance to irradiation and cancer
chemotherapy drugs (9). Since the latter are the two main
adjuncts to the neurosurgical treatment of malignant glioma, we
compared the survival of bcl-2 transfectants and neo control
cells of the LN-18 and T98G glioma cell lines after irradiation
or exposure to BCNU or cisplatin, two drugs used in the treat-
ment of malignant glioma. Radioresistance was determined as
the surviving fraction of glioma cells at 2 Gy (SF2) defined by
the extent of proliferation relative to nonirradiated glioma cells
2 wk after irradiation (39). Parent or neo T98G cells were more
resistant to irradiation and cisplatin than parent or neo LN-18
cells. Both cell lines were rather resistant to BCNU. Bcl-2
gene transfer enhanced the radioresistance of LN- 18 to levels
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Figure 8. Bcl-2 enhances long-term survival of glioma cells after Fas/
APO- 1-induced detachment from the monolayer. Neo control cells
(closed symbols, straight lines) or bcl-2 clones (open symbols, dotted
lines) of LN-18 (circles), T98G (squares), and LN-229 (triangles)
human malignant glioma cells were treated with Fas/APO-I ab (0.1
jg/ml for LN-18, 1 Mg/ml for T98G and LN-229) for 16 h. T98G and
LN-229 cells were pretreated with TNFa (10 ng/ml) for 24 h. Floating
cells were collected from the culture medium, washed in complete me-
dium, and resuspended in fresh medium in 96-well plates at the indicated
densities. Survival was assessed 14 d later by crystal violet staining.
Data are expressed as mean optical density units (U). SEM were below
10%. An optical density of 1 U is usually reached at 72 h after seeding
of 10,000 viable glioma cells (data not shown).

comparable to that of parent untransfected T98G cells but did
not confer a survival advantage to the constitutively radioresis-
tant T98G cells (Fig. 9 A). Bcl-2 shifted the SF2 of LN-18 cells
from 0.38 in parent or neo cells to above 0.7. In contrast, the
SF2 even of parent T98G cells exceeded 0.7 and was not sig-
nificantly enhanced by bcl-2. Conversely, bcl-2 induced resis-
tance to cisplatin in T98G but not in LN-18 cells (Fig. 9 B).
Bcl-2 clones of both cell lines exhibited enhanced survival after
exposure to high concentrations of BCNU (Fig. 9 C). Taken
together, these data show that bcl-2 can protect glioma cells
from irradiation and cytotoxic drugs. The extent of protection
is determined by the cell line studied and the type of cytotoxic
stimulus used.

Cooperative inhibition of Fas/APO-J ab-mediated apopto-
sis by bcl-2 and dexamethasone. Preexposure of human malig-
nant glioma cells to dexamethasone attenuates Fas/APO-1 ab-
mediated apoptosis (6). Flow cytometric analysis showed that
dexamethasone provided protection of LN-18, T98G and LN-
229 cells from apoptosis without down-regulating Fas/APO-1
expression and without up-regulating endogenous bcl-2 expres-
sion (data not shown). Thus, dexamethasone presumably acts
on intracellular signalling events triggered by Fas/APO-1 ab.
Further, dexamethasone did not modulate transcription from the
BMGNeo expression vector (data not shown). As shown in
Fig. 10, dexamethasone abrogated Fas/APO-1 ab-mediated gli-
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Figure 9. Bc1-2 promotes glioma cell survival after irradiation and inhib-
its cytotoxicity induced by cisplatin and BCNU. Bcl-2 clones (open
symbols, dotted lines) or neo vector control cells (closed symbols,
straight lines) of the T98G (squares) and LN-18 (circles) glioma cell
lines were irradiated or exposed to cisplatin or BCNU for 24 h in
complete medium. The cell cultures were trypsinized and cultured in
96-well plates (103 cells per well) for 14 d with one medium change
at 7 d. Glioma cell proliferation was assessed by crystal violet staining.
Data are expressed as mean percent of glioma cell proliferation relative
to untreated bcl-2 or neo control cultures. SEM were below 10%. The
bcl-2 gene transfer alone enhanced the clonogenicity of both cell lines
as assessed by a standard colony formation assay. In experiments repre-
sentative of the data shown in Fig. 9, untreated bc1-2 LN-18 and T98G
clones showed a 4- and 2-fold increase of OD values compared with
neo vector control cells (data not shown).

oma cell killing not only of neo control cells but also of the
bcl-2 clones, suggesting that bcl-2 and dexamethasone target
distinct steps in the killing cascade of Fas/APO-1-dependent
apoptosis and might cooperate in vivo to inhibit immune-medi-
ated glioma cell killing via Fas/APO-1.

Preexposure to cytokines overcomes bcl-2-mediated inhibi-
tion ofFas/APO-I -dependent glioma cell apoptosis. Preexpo-
sure to TNFa, IFNy, TGFf02, IL-1 and IL-8 enhances Fas/
APO-1 ab-mediated glioma cell killing of some glioma cell
lines, including T98G and LN-229 (6). In the present study,
we have compared the effects of these cytokines on the expres-

10 sion of Fas/APO-1 and bcl-2 with their effects on Fas/APO-1
ab-mediated apoptosis. TNFa, IFNy and IL-1 increased cell
surface Fas/APO-1 expression whereas IL-8 and TGF/3 had no

such effect (Table H). In our previous study (6), endogenous
bc1-2 expression of the three glioma cell lines, LN-18, T98G,
and LN-229, correlated with a requirement for cytokine-medi-
ated presensitization to achieve maximal Fas/APO-1 ab-medi-
ated apoptosis. Here we show that there are no significant differ-
ences in endogenous BCL-2 protein levels between untreated
glioma cell cultures and cultures exposed to the cytokines (Ta-
ble H), suggesting that cytokines induce sensitivity of glioma
cells to Fas/APO-1 ab without directly modulating bcl-2 ex-

pression. Cytokines might therefore also counteract the protec-
tion of glioma cells from Fas/APO-1 ab-mediated apoptosis

10 mediated by murine bcl-2 gene transfer (Fig. 5). Table III
shows that bcl-2 clones of the T98G and LN-229 were no

longer susceptible to presensitization with IL-1, IL-8 or TGF/3.
However, they had not become refractory to IFNy- and TNFa-
mediated sensitization to Fas/APO-1 ab-mediated killing. Even
the T98G and LN-229 bcl-2 clones with the highest levels of
bcl-2 expression were not completely protected from Fas/APO-
1 ab-mediated apoptosis when presensitized with IFNy or

TNFa. The bcl-2-mediated attenuation of Fas/APO-1 ab-medi-
ated apoptosis after IFNy or TNFa preexposure (Table III)
was moderate compared with the good protection from killing
induced by Fas/APO-1 ab alone or in the presence of ActD or

CHX (Fig. 5). Flow cytometric analysis of LN-229 bcl-2 clone
B2 confirmed that bcl-2 did not inhibit the IFNy- and TNFa-

'000 mediated up-regulation of cell surface Fas/APO-1 expression
(data not shown). Further, the cytokines did not alter transcrip-
tion from the BMGNeo vector (data not shown). These data
suggest that bcl-2 does not interfere with cytokine sensitization
which targets Fas/APO-1 expression as well as some intermedi-
ate steps of the intracellular death cascade.

Discussion

Fas/APO-1 is a cytokine receptor protein which induces pro-
grammed cell death and apoptosis in susceptible target cells.
Significant expression of Fas/APO-1 is physiologically re-
stricted to specific tissues including thymus, liver, heart and
ovary. In addition to target cell lysis via perforin, Fas/APO-1-
mediated apoptosis is one of two major effector pathways in T
cell cytotoxicity. Specifically, Fas/APO-1 may play a role in the
elimination through apoptosis of syngeneic activated immune
effector cells (40-43). The strong expression of Fas/APO-
1 in many lymphoid malignancies suggests that Fas/APO-1-
mediated apoptosis may be a promising strategy of immunologi-
cal tumor therapy (1). Similarly, human malignant glioma cells,
unlike untransformed astrocytes (44), express Fas/APO-1 in
vitro and in vivo and are susceptible to Fas/APO-1 ab-mediated
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apoptosis in vitro (6). Expression of the protooncogene bcl-2
has emerged as a major mechanism which allows tumor cells
to resist physiological apoptosis and apoptosis induced by irra-
diation and chemotherapy drugs (9).

This study illustrates that malignant gliomas express bcl-2
in vivo (Fig. 1) and that forced expression of murine bcl-2 in
glioma cell lines confers resistance to Fas/APO-l ab-mediated
apoptosis (Fig. 5). Prevention of Fas/APO-l ab-mediated gli-
oma cell apoptosis by bcl-2 operated at a distal step of the
apoptotic cascade triggered by Fas/APO-l ab, since forced bcl-
2 expression did not reduce cell surface Fas/APO-l expression.
Further, bcl-2 rescued a significant proportion of glioma cells
from apoptosis which had suffered Fas/APO-l ab-induced
DNA breaks, including those cells which had detached from

Table II. Effects of Cytokines on Fas/APO-J and Endogenous
BCL-2 Expression ofHuman Malignant Glioma Cells

T98G LN-229

Fas/APO-1 BCL-2 Fas/APO-1 BCL-2

MF SFI MF SF1 MF SF1 MF SF1

Untreated 287 1.65 1031 3.33 212 1.51 1361 3.24
TNFa 507 2.74* 856 2.08 467 3.31* 1337 2.41
IFNy 526 2.71* 1047 3.43 311 2.13* 1174 2.51
IL-1i 430 2.34* 816 2.48 335 2.26* 1254 2.69
IL-8 286 1.64 1026 3.47 202 1.45 1197 2.78
TGF/32 294 1.75 823 2.43 197 1.40 1359 3.05

T98G and LN-229 human malignant glioma cells were exposed to me-
dium alone or to TNFa (10 ng/ml), IFNy (100 U/ml), IL-iI (2.5 ng/
ml), IL-8 (20 ng/ml) or TGF/I2 (10 ng/ml) for 24 h. Cell surface Fas/
APO-1 expression and BCL-2 levels were assessed by flow cytometry
as described in Methods. The table shows representative mean fluores-
cence (MF) values and the specific fluorescence index (SFI) expressed
as the ratio between the MF values obtained with the specific ab and
the MF measured with a mouse IgG1 isotype control. TNFa, LFNy, and
IL-I consistently enhanced Fas/APO-l expression in both cell lines (* P
< 0.03, t test). The cytokine-induced changes of BCL-2 expression
failed to reach statistical significance (n = 3, t test, P < 0.03).

o Dexamethasone

* Fas/APO-1 ab

M Fas/APO-1 ab +
Dexamethasone

Figure JO. Cooperative inhibition of
Fas/APO-1 ab-mediated glioma cell
apoptosis by bcl-2 and dexametha-
sone. Bcl-2 clones or neo vector con-
trol cells were pretreated with 10 IM
dexamethasone or medium alone for
24 h and subsequently exposed to
Fas/APO-1 ab (0.5 pg/ml) for 16 h.
T98G was cotreated with 0.5 zg/ml
ActD (open bars, dexamethasone
alone; filled bars, Fas/APO-l ab
alone; hatched bars, dexamethasone
followed by Fas/APO-l ab). Data are
expressed as mean and SEM of per-
cent survival relative to untreated LN-
18 cells or to T98G cells exposed to
ActD alone. + indicates significant
protection afforded by bcl-2 (P
< 0.03, t-test). * Indicates signifi-
cant protection afforded by dexameth-
asone (P < 0.03, ANOVA).

the cell culture monolayer (Fig. 8). These observations are
consistent with the failure of bcl-2 to prevent DNA damage
induced by some chemotherapy drugs despite its survival-en-
hancing properties in the same cells (18, 20, 21). The role of
bcl-2 in preventing the cytotoxicity of immune effector cells
and cytotoxic cytokines like TNFa has remained controversial
(9, 36-38, 45, 46). The human glioma cell lines included in
this study, which are susceptible to TNFa-mediated apopto-
sis in the presence of ActD or CHX, exhibited enhanced sur-
vival after TNFa exposure when transfected with murine
bcl-2 (Fig. 5).

A mutual regulation of apoptosis by bcl-2 and Fas/APO-l,
as directly shown by bcl-2 gene transfer in this work, may not
be restricted to glioma cells but has previously been suggested,

Table III. Cytokines Overcome bcl-2-mediated Rescue ofHuman
Malignant Glioma Cells from Fas/APO-I ab-mediated Apoptosis

T98G LN-229

neo bc1-2 neo bc1-2

Vehicle 64±3 91±3* 92±4 99±5
TNFa 29±1* 69±4t* 35±2* 73±41*
IFNy 21±2t 41±21* 32±51 55±3t*
TGF#2 52±3t 86±6* 72±5* 99±4*
IL-1,B 46±3t 95+4* 69±4t 90±4*
IL-8 43±2t 83±3* 78±6 99±5*

The glioma cells were incubated in medium alone or pretreated with
TNFa (10 ng/ml), IFNy (100 U/ml), IL-1lf (2.5 ng/ml), IL-8 (20 ng/
ml), or TGFI2 (10 ng/ml) for 24 h in complete medium containing 10%
FCS, washed, and then exposed to Fas/APO-l ab (1 ug/ml) for 24 h in
medium containing 0.5% FCS. Percent survival was assessed by crystal
violet staining and calculated relative to survival in cultures preexposed
to cytokines, and then to vehicle instead of Fas/APO-1 ab. Preexposure
to the cytokines alone had no adverse effects on glioma cell viability.
Data are expressed as mean and SEM (1 P < 0.03, ANOVA, cyto-
kine pretreatment compared with Fas/APO- 1 ab treatment alone; * P
< 0.03, ANOVA, cytokine-treated bcl-2 clones compared with cyto-
kine-treated neo cells).
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on the basis of correlations between bcl-2 and Fas/APO-1 ex-
pression, for human peripheral blood cells (47) and lymphoid
neoplasms (48, 49). Further, coordinate expression of bcl-2
and Fas/APO-1 may limit the cycling of primed T cells which
upon progressive differentiation lose bcl-2 and gain Fas/APO-
1 expression (50). Although the antiapoptotic actions of bcl-2
have been linked to antioxidant properties (51), this action of
bcl-2 is unlikely to be responsible for the prevention of Fas/
APO-1-dependent apoptosis since reactive oxygen intermedi-
ates have been excluded as mediators of Fas/APO-1 ab-induced
cell death (52, 53). Recent evidence implicates an acid sphingo-
myelinase in the TNF receptor- and Fas/APO-1 ab-triggered
apoptotic pathway (54). Our study then suggests that the broad
spectrum of antiapoptotic actions of bcl-2 also encompasses
apoptosis mediated through the sphingomyelinase pathway.

BCL-2 protein expression was not restricted to human ma-
lignant glioma cell lines but was also detected in human malig-
nant gliomas in vivo. BCL-2 immunoreactivity may correlate
with malignant progression since BCL-2-positive tumor cells
were more abundant in WHO grade III and IV astrocytomas
than in grade I and H astrocytomas (Table I, Fig. 1). The
expression of bcl-2 in gliomas indicates malignant transforma-
tion since untransformed astrocytes do not express BCL-2 pro-
tein in vivo (25, 33). As previously reported for normal endo-
thelial cells of brain and extracerebral tissues (24, 25), endothe-
lial cells in the glial tumors were BCL-2-negative. Cultured
endothelial cells express Fas/APO-1 but are resistant to Fas/
APO-1 ab-mediated apoptosis (55). Only endothelial cells of
the central nervous system and of the fetal part of the placenta
express Fas/APO-1 in vivo (44). The expression of BCL-2
by tumor-infiltrating lymphocytes (Fig. 1) suggests that such
immune effector cells could be harvested from gliomas and be
expanded in vitro for cellular immunotherapy. However, gli-
oma-derived tumor-infiltrating lymphocytes are rather refrac-
tory to activation and expansion in vitro (56). In this regard,
it is noteworthy that T cell apoptosis induced by TGF162, which
may be responsible for glioma-induced T cell inactivation (57-
59), proceeds independently of bcl-2 expression in vitro (27).

The present study suggests that the antiapoptotic properties
of bcl-2 may interfere not only with Fas/APO-1-targeting im-
munotherapy of human malignant glioma but may also be in-
volved in the resistance of these tumors to cancer chemotherapy
and irradiation. The prevention of Fas/APO-1-dependent
apoptosis of gliomas cells by dexamethasone was independent
of bcl-2 expression and of cell surface Fas/APO-1 expression.
Since most glioma patients receive steroids for the control of
peritumoral edema, these effects of dexamethasone need to be
considered in immunotherapy trials targeting Fas/APO-1. The
cytoprotective effects of bcl-2 may be overcome by immuno-
stimulatory cytokines like IFNy and TNFa. Although the appli-
cation of IFNy and TNFa alone fails to induce regression of
human malignant gliomas (60, 61), these cytokines are toler-
ated by malignant glioma patients at concentrations likely to
sensitize human malignant glioma cells to Fas/APO-1 ab-medi-
ated apoptosis in vivo.
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